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Chicago, Chicago, IllinoisABSTRACT A set of abundant nucleoid-associated proteins (NAPs) play key functions in organizing the bacterial chromosome
and regulating gene transcription globally. Histone-like nucleoid structuring protein (H-NS) is representative of a family of NAPs
that are widespread across bacterial species. They have drawn extensive attention due to their crucial function in gene silencing
in bacterial pathogens. Recent rapid progress in single-molecule manipulation and imaging technologies has made it possible to
directly probe DNA binding by H-NS, its impact on DNA conformation and topology, and its competition with other DNA-binding
proteins at the single-DNA-molecule level. Here, we review recent findings from such studies, and provide our views on how
these findings yield new insights into the understanding of the roles of H-NS family members in DNA organization and gene
silencing.Regulation of chromosome organization and
gene expression by NAPs
Genetic information in bacteria is highly organized within
the cell in a structure referred to as the nucleoid. Early archi-
tectural insights into bacterial chromosomes come from
electron microscopy imaging, which reveals a higher-order
structure that appears rosette-like, with supercoiled loop do-
mains emanating from the central core (1–3). Multiple
mechanisms contribute to the complex organization of
bacterial chromosomes. One contributing factor is DNA
supercoiling, produced by the activity of DNA gyrase and
regulated by various topoisomerases (4,5). In addition,
macromolecular crowding may also contribute to chromo-
somal packaging by promoting DNA condensation (6).
However, these factors alone are insufficient to explain the
complex organizational patterns of bacterial chromosomes.
It is now clear that a set of abundant DNA-binding proteins
play crucial roles in organizing the bacterial chromosome.
They work in concert to shape the bacterial nucleoid in a
dynamic manner and are referred to as nucleoid-associated
proteins (NAPs).
The abundance of NAPs varies with the growth phase of
bacteria (7). During exponential growth, the major NAPs
include the factor for inversion stimulation, the host factor
for phage Qb, HU, the suppressor of td mutant phenotype
A (StpA), the histone-like nucleoid-structuring protein
(H-NS), and the integration host factor (IHF). During sta-
tionary phase or nutritional deprivation, the expression level
of most of these NAPs decreases, whereas expression levelsSubmitted May 11, 2015, and accepted for publication August 12, 2015.
*Correspondence: phyyj@nus.edu.sg or kenneyl@uic.edu
Editor: Lois Pollack.
 2015 by the Biophysical Society
0006-3495/15/10/1321/9of DNA-binding proteins from starved cells (Dps) and IHF
increase and these become the two most abundant proteins
in the nucleoid. Such dynamic regulation of the differential
abundance of NAPs allows bacterial cells to shape their
nucleoid in response to various environmental changes.
NAPs typically have an equilibrium dissociation constant
(Kd) on the order of 10–250 nM, depending on DNA
sequence and solution conditions (8). Each NAP has an
intracellular concentration over a wide range of a few to
tens of micromolar, with a total concentration on the order
of 100 mM (7), corresponding to roughly 100,000 total
copies of NAPs. Escherichia coli has a 4.6 Mbp circular
chromosome; therefore, the DNA in basepairs (bp) is esti-
mated to be roughly two orders of magnitude higher than
the intracellular NAPs. Simple chemical kinetics theory
indicates that when the concentration of available protein-
binding sites is greater than the protein concentration and
the protein concentration is much greater than the Kd, the
concentration of free/unbound proteins will be on the order
of the Kd. This means that most of the NAPs are nucleoid
associated, i.e., DNA-bound, which is supported by experi-
mental evidence (9).
In addition to their role in chromosome organization,
many NAPs have been shown to affect gene regulation on
a global scale (10–13). In addition, the ability of bacterial
cells to dynamically regulate the abundance of NAPs also
enables global control of gene expression in response to
environmental changes. The function of NAPs depends on
how they bind to DNA locally at their binding sites and
how they organize DNA over long length scales. Recent de-
velopments in single-DNA manipulation and imaging tech-
nologies make it possible to directly observe these processes
and thus provide important insights into the function of
these proteins.http://dx.doi.org/10.1016/j.bpj.2015.08.016
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sites, deforming the DNA locally, depending on the partic-
ular NAP. Over a much longer length scale, NAPs can orga-
nize DNA into various conformations. This ability depends
not only on local binding properties, but also on additional
interactions between protein-bound DNA complexes with
other protein-bound DNA complexes or with naked DNA
segments. Therefore, it is necessary to distinguish between
local DNA binding (at the binding site) and physical organi-
zation of DNA over long length scales. For example, as
an NAP, IHF binds to nonspecific DNA and locally bends
DNA at the binding site (<30) (14,15). The DNA binding
mode of IHF is hence defined as DNA bending. However,
recent single-molecule manipulation and imaging experi-
ments have shown that IHF can organize long DNA mole-
cules into various complex conformations, including DNA
condensation. This likely occurs (in the presence of magne-
sium) by bringing remote DNA sites together through
DNA cross-linking, which is not obvious from its ability
to locally bend DNA (15). Hereafter, we refer to this
behavior as DNA juxtaposition. This review focuses on
the DNA-binding properties of the H-NS family of NAPs
and the implications of H-NS-dependent bacterial chromo-
some organization and gene regulation.The H-NS family of proteins: universal gene
regulators in bacteria
Proteins in the H-NS family, a focus of this review, share
a common domain structure (Fig. 1). They consist of a C-ter-
minal DNA-binding domain and a coiled-coil N-terminal
domain that mediates oligomerization, forming higher-order
homomeric or heteromeric complexes. At least two dimer-
ization sites have been identified (see Fig. 1), which allows
H-NS to form higher-order oligomers (16,17). The oligomer-
ization and DNA-binding domains are joined via an unstruc-
tured flexible linker. Two NMR structures of the isolated
N-terminus display parallel or antiparallel arrangement of
the dimer interface (18,19). This obviously has important im-
plications for how the DNA-binding domains are juxtaposed,
if both conformations exist in vivo. H-NS generally binds
nonspecifically to DNA, although it has a strong preferenceFIGURE 1 Domain organization of H-NS. H-NS is a 137 amino acid pro-
tein, functionally divided into an N-terminal oligomerization domain and a
C-terminal DNA binding domain. H and b represent a-helices and b-sheets,
respectively. At least two dimerization sites have been identified within the
oligomerization domain, as indicated.
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external origin acquired by horizontal gene transfer (20).
H-NS binding to DNA is important for two distinct func-
tions in the cell, to shape the nucleoid (21–23) and to regulate
gene expression. In general, H-NS functions to repress or
silence genes, although it can indirectly act as a transcrip-
tional activator by downregulating a negative regulator. For
example, theflagellarmaster operonflhDC is negatively regu-
lated by HdfR, which in turn is negatively regulated by H-NS
(24). In addition,H-NS can also interactwith somemRNAs to
reposition the ribosome for more effective translation (25).
Many of the genes regulated by H-NS are involved in viru-
lence in bacterial pathogens. The extent of H-NS binding to
DNA and its silencing function are dependent on its oligo-
merization properties. In solution, H-NS exists as a complex
mixture of differing oligomerization states (19,26,27), and it
is believed that an H-NS dimer is the minimal functional
binding unit (28,29). Amino acid substitutions in the
N-terminus that render H-NS incapable of oligomerization
abrogate gene silencing, suggesting that protein oligomeriza-
tion plays a crucial role in silencing (27,30,31). Environ-
mental stimuli such as temperature and osmolality can also
alter the oligomerization states of H-NS in vivo and hence
affect its gene silencing properties (32,33). The N-terminus
of H-NS can mediate interaction with other proteins, such
as StpA and gp5.5 protein, modulating other regulatory fac-
tors that affect gene repression (34,35).The DNA-bindingmode and physical organization
of DNA by H-NS
To understand H-NS function, it is necessary to understand
how it interacts with DNA, i.e., its DNA-binding modes as
well as its physical organization of DNA. Recent imaging
studies have provided direct visualization of the physical
organization of DNA by H-NS, revealing that H-NS-family
proteins were able to organize large DNA molecules into
various conformations, including large extended filaments,
hairpin-like large DNA bridges, and higher-order DNA con-
densations (22,23).
Atomic force microscopy (AFM) imaging experiments
do not provide direct information as to the mode of binding
at H-NS binding sites. However, the binding mode can be
indirectly inferred from the force responses of single DNA
molecules studied by single-molecule manipulation experi-
ments (33,36,37). Analysis of the force-extension curves of
DNA in the presence of H-NS has shown that H-NS stiffens
DNA upon binding. Furthermore, analyses of force-exten-
sion curves of DNA complexed with H-NS at various
H-NS concentrations revealed that H-NS bound to linear
DNA tracks with positive cooperativity (38). Therefore,
the DNA binding modes of H-NS can be described as coop-
erative DNA stiffening. Such cooperative binding predicts
formation of patches of rigid H-NS nucleoprotein filaments,
which was recently confirmed by AFM imaging (23).
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versity of H-NS-mediated complex organization of large
DNA molecules? The long, extended H-NS nucleoprotein
filaments observed at low salt (50 mM KCl and <2 mM
MgCl2) by Liu et al. (23) can be explained by cooperative
DNA binding of H-NS over long lengths of DNA. Forma-
tion of large DNA hairpins (22,23), often referred to as
DNA bridging, can also be formed when an H-NS filament
interacts with naked DNA segments. This type of interaction
would be expected to result in hairpin-like complexes
or more complex structures (see Fig. 2, in particular Fig. 2
C). Such filament-mediated DNA bridging and higher-order
complexes have been reported in several H-NS-family pro-
teins, such as E. coli StpA, Pseudomonas aeruginosaMvaT
and MvaU, and Mycobacterium tuberculosis Lsr2 (39–42).
To demonstrate that H-NS-stiffened filaments could also
form DNA bridges, we imaged H-NS nucleoprotein com-
plexes formed by Salmonella H-NS under nonsaturating
binding conditions (Fig. 2). Salmonella H-NS is 95% iden-
tical to E. coli H-NS. We used 200 mM KCl in the absence
of MgCl2, a condition where H-NS binding affinity is
reduced due to electrostatic screening effects, enabling a
more specific protein-DNA interaction. Salmonella H-NS
bound to a 755 bp csgD-csgB intergenic regulatory region
at a stoichiometry of 2:1 (protein monomer/DNA bp). The
binding pattern showed dispersed, small patches of H-NS
nucleoprotein filaments (Fig. 2 A, schematized in Fig. 2 B).
In addition, a major portion of DNA segments remained un-
coated with H-NS. Some of these filaments were associated
with another DNA segment, resulting in DNA bridges
(Fig. 2 A, green arrows). This experiment provides direct
evidence that H-NS filaments can mediate formation of
DNA bridges (see Fig. 2 C). This is in contrast to previous
AFM imaging experiments performed in 50 mM KCl in
the absence of MgCl2, where large patches of H-NS fila-
ments were observed in the absence of DNA bridging(23). Together, these results suggest that DNA bridges can
bemediated by stiffened H-NS filaments, depending on solu-
tion conditions, as schematized in Fig. 2C. DNA bridging by
H-NS at 200mMKClwas previously undetected inmagnetic
tweezers experiments, likely because the large DNA mole-
cule (48,502 bp, ~16.3mm)used in the single-DNAstretching
assay was insensitive to a few weak bridges formed by small,
dispersed H-NS nucleoprotein filaments (23). The free intra-
cellular Mg2þ concentration in bacterial cells is in the low, 1-
to 2-mM range (43–45), a condition where H-NS nucleopro-
tein filaments and bridged DNA coexist (23). DNA bridging
observed under these conditions likely occurs by the fila-
ment-mediated mechanism described above.
Together, these findings suggest that the cooperative
DNA-stiffening mode of H-NS mediates the organization of
large DNA molecules into various conformations depending
on the binding saturation level and various environmental
conditions (23,33). Many other H-NS family members share
this cooperative DNA-stiffening mode of binding across
several bacterial species (39–42).
As discussed above, DNA bridging can be mediated by an
H-NS filament (Fig. 2). In previous studies performed in
10 mMMgCl2, DNA bridges were formed upon H-NS bind-
ing, whereas DNA stiffening was not observed (22,23,37).
Two possible scenarios may explain this observation. 1) In
10 mM MgCl2, H-NS forms dispersed short filaments,
similar to those observed in 200 mM KCl (Fig. 2 A), which
are not detected by magnetic tweezers. These dispersed
short filaments would then mediate the formation of DNA
bridges as schematized in Fig. 2 C. 2) Alternatively, binding
of individual H-NS dimers, each providing two DNA bind-
ing sites, could bring two remote DNA sites together to form
a bridge. Binding of a subsequent H-NS dimer adjacent
to the bridge is energetically favored, because two DNA
duplexes are brought closer by prior bridge formation,
allowing the arriving H-NS dimer to easily engage withFIGURE 2 H-NS-filament-mediated DNA orga-
nization. (A) In 200 mM KCl in the absence of
MgCl2, H-NS forms small patches of filaments
(magenta arrows). These filaments can associate
with naked DNA segments to form DNA bridges
(green arrows). (B and C) Schematics of H-NS-fila-
ment-mediated nucleoprotein complexes. (B) H-NS
binds cooperatively on DNA to form patches of
stiff filaments. (C) Under certain solution condi-
tions (e.g., in 200 mM KCl), additional DNA bind-
ing sites on the outer surface of H-NS filaments can
associate with naked DNA, leading to formation of
DNA bridges. (D) Schematic of H-NS-dimer-medi-
ated DNA bridging. Individual H-NS dimers with
two DNA binding sites bring two remote DNA sites
together to form a bridge. Formation of neigh-
boring bridges is facilitated, leading to clusters of
H-NS bridges.
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work describing such a scenario has been developed (46),
and it is supported by Monte Carlo simulations (47). Obvi-
ously, this mechanism also leads to cooperative binding of
H-NS, as formation of neighboring bridges is facilitated.
This cooperativity causes clustering of H-NS bridges and
is DNA-induced. This is distinct from the cooperativity of
H-NS filament formation that arises from direct protein-pro-
tein interaction. The latter mechanism seems more likely
to be physiologically relevant, as the free magnesium ion
concentration in E. coli is only 1–2 mM (43–45). At this
concentration, nucleoprotein filament formation by H-NS
predominates (23).Sequence selectivity of H-NS binding
In vitro DNA binding assays have shown that H-NS binds
to DNA in a largely nonspecific manner, although DNase I
footprinting experiments identified certain high-affinity
sequence motifs (20). A major function of H-NS is to silence
laterally acquired genes in bacterial pathogens, which are
typically AT-rich (48–50). This implies a certain sequence
selectivity of H-NS binding in vivo. Further, it has been re-
ported that short inserts of high-affinity sequences in a large
low-affinity DNA segment could switch binding from low af-
finity to high affinity (48). How does the cooperative, DNA-
stiffening binding mode of H-NS inform these observations?
Formation of nucleoprotein filaments through coopera-
tive binding implies the need for a nucleation site to initiate
a nucleation-and-growth process. High-affinity consensus
DNA sequence motifs have been reported at some promoter
regions of genes silenced by H-NS (20,49), and these motifs
may serve as nucleation sites that dictate at which locations
H-NS filaments can form. In vivo, such high-affinity nucle-
ation sites may play a crucial role in selective gene
silencing, localizing the filament around specific sequences
in the area of the bacterial genome to be silenced. It may
also enable H-NS to distinguish between native genes and
genes acquired from external sources, which are generally
AT-rich (48). In the absence of nucleation sites and cooper-
ative binding, indiscriminate binding of H-NS would lead to
unregulated silencing that might reduce bacterial fitness.
Therefore, the nucleation-and-growth process that initiates
filament formation requires a certain level of specificity.
Formation of an H-NS filament via cooperative binding
also suggests that short insertions of high-affinity sequences
can increase the overall binding affinity of a long low-affin-
ity DNA segment due to nucleation of H-NS at these sites,
which can spread to nearby sequences through cooperative
binding. In such a way, the cooperative, DNA-stiffening
binding mode of H-NS provides a basis for understanding
the sequence selectivity and the switching of low-affinity
to high-affinity binding by H-NS. Identifying the sequences
where DNA stiffening initiates will provide a greater under-
standing of the sequence requirements of nucleation sites.Biophysical Journal 109(7) 1321–1329Oligomerization of H-NS and its implications for
H-NS cooperative binding
The ability of H-NS to form oligomers also influences its
ability to form stiffened filaments. In single-molecule exper-
iments, functionally defective substitutions in dimerization
site 1 resulted in the loss of nucleoprotein filaments (51).
Similarly, substitutions in dimerization site 2 also caused a
loss of nucleoprotein filaments (our unpublished results).
As the H-NS nucleoprotein filament is crucial for both
H-NS-mediated gene silencing and DNA organization
functions, these results highlight the importance of both
dimerization domains in H-NS oligomerization. Oligomeri-
zation is also important in other H-NS family proteins. For
example, in P. aeruginosa MvaT, substitutions in the N-ter-
minal oligomerization domain cause loss of gene silencing
and are unable to form nucleoprotein filaments (41).
A role for two H-NS oligomerization domains in the
formation of a continuous H-NS nucleoprotein filament
can be understood as follows. In a continuous H-NS nucle-
oprotein filament, an H-NS molecule on DNA is linked to
two adjacent H-NS molecules, which means that at least
two dimerization sites are required to form a chain of linked
H-NS molecules on DNA. Therefore, higher-order oligo-
merization mediated by at least two dimerization sites
seems crucial for the integrity of H-NS nucleoprotein
filaments.
A recent structural study suggests that the head-to-head
and tail-to-tail dimerization of H-NS by the two dimeriza-
tion sites could lead to formation of a right-handed helical
filament with a helical pitch of 28 nm and a diameter of
19 nm (16). A model was proposed based on this helical
structure, where DNA follows the H-NS helical conforma-
tion (see Fig. 3 A). This model predicts that the axial length
of the complex is significantly shortened to around 50% of
the contour length of the naked DNA. However, recent sin-
gle-DNA stretching experiments revealed that an H-NS-
DNA complex has a similar apparent contour length to
that of naked DNA (23,38). Therefore, one possible mecha-
nism is that the H-NS filament is flexible, which allows
deformation into a thinner and longer structure with
increased helical pitch upon DNA binding, hence forming
a cohelical structure with DNA (see Fig. 3 B). Alternatively,
the H-NS filament is relatively rigid, but it wraps around
DNA such that DNA is not deformed significantly (see
Fig. 3 C). In these scenarios, the exposed C-terminal DNA
binding sites on the outer surface of the helical filament
would be able to interact with other DNA segments, allow-
ing filament-mediated DNA bridging. These scenarios are
depicted in Fig. 3.H-NS filament formation leads to gene silencing
Previous experiments have revealed the vital role that H-
NS plays in gene silencing. Questions remain, however,
FIGURE 3 H-NS forms a right-handed helical
nucleoprotein filament. An H-NS molecule has
two dimerization domains (Fig. 1), which enable
H-NS to form a chain of linked H-NS molecules
on DNA. Three H-NS nucleoprotein filament
structures are proposed. (A) DNA wraps around
an H-NS helix, reducing the contour length to
~50%. (B) A flexible H-NS nucleoprotein filament
allows deformation into a thinner and longer
structure. (C) H-NS wraps around the DNA in a
helix, forming thick nucleoprotein filaments. The
DNA is drawn to scale to highlight the change in
contour length. Yellow circles (free DNA-binding
domains) that are directed toward the outside of
these helical filaments may allow interaction with
naked DNA, hence forming filament-mediated
DNA bridges under certain conditions.
Biophysical Perspective 1325regarding how the binding mode of H-NS influences its
gene-silencing ability. An initial mechanism of H-NS-
mediated gene silencing was proposed based on the forma-
tion of DNA bridges. Bridges formed on promoter regions
were reported, which were proposed to trap and immobi-
lize RNA polymerase (52–54). In addition to this mecha-
nism, DNA bridging might also stabilize plectonemesformed downstream of a transcribing RNAP (55,56),
serving as a roadblock for further translocation.
An interesting question is whether cooperative filament
formation, without formation of DNA bridges, could lead
to gene silencing. Fig. 4 depicts two of several scenarios
by which an H-NS filament could promote gene silencing.
1) A continuous H-NS filament formed on a promoterFIGURE 4 Mechanisms of H-NS-filament-
dependent gene silencing. H-NS-mediated gene
silencing can be achieved by inhibiting RNAP
binding to the promoter region or by blocking
RNAP translocation. This is possible by formation
of an H-NS nucleoprotein filament in the promoter
region or downstream of the promoter. The fila-
ment can associate with naked DNA to form
DNA bridges, which may further restrict accessi-
bility of RNAP to DNA.
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promoter by RNA polymerase. Indeed, recent DNase I
digestion experiments demonstrated that the accessibility
of DNA was effectively blocked when filaments were
formed by H-NS family proteins (StpA, MvaT, MvaU, and
Lsr2) in the absence of bridging (39,40,42,57). 2) Formation
of an H-NS filament downstream in the gene could act as a
roadblock for RNAP translocation along DNA. RNAP can
exert up to 25 pN of force during translocation (58), and
the stiffened H-NS filament might prevent translocation.
This possibility has not been tested and warrants further
investigation.
Can H-NS filament-mediated DNA bridging play a role
in gene silencing? If the bridging occurs at the promoter
region, it may further restrict DNA accessibility (scenario
1 above). If it occurs downstream in the gene, bridged
H-NS filaments may become a stronger roadblock for
RNAP translocation compared to a stretch of H-NS
filament alone (scenario 2 above). In addition, bridged
filaments may also constrain DNA supercoiling (59),
creating a closed topological domain and accumulating
torsional stress during transcription, which promotes
pausing for Rho-dependent termination (60). It is worth
emphasizing that all of these strategies employ an H-NS
filament.
The importance of filament-mediated silencing has been
highlighted in recent studies reporting that functionally
defective mutants often lead to a loss of filament formation
(41,51). In addition, it was shown that SsrB, an H-NS
antisilencing protein, effectively competes with H-NS
binding under conditions where H-NS filament formation
was predominant (61).
Importantly, the H-NS filament was found to be sensi-
tive to various solution factors; lowering pH, temperature,
KCl, or MgCl2 favors filament formation (23,33). The
sensitivity to temperature is particularly interesting, as
the formation of an H-NS filament was drastically
decreased at 37C (23,33). H-NS filament formation would
be less favorable after bacterial cells invade humans,
which may partly contribute to relief of H-NS-silenced
virulence genes. This provides a mechanism by whichBiophysical Journal 109(7) 1321–1329H-NS might play a direct role in thermoregulation of
gene expression.Implications of H-NS filament formation for relief
of gene silencing
H-NS-mediated gene silencing has to be tightly regulated,
because genes that are repressed by H-NS need to be
activated at some point for bacteria to survive and thrive
and for pathogens to initiate their virulence pathways.
Indeed, bacteria have evolved multiple mechanisms to
counteract H-NS silencing (54). Some DNA-binding pro-
teins, referred to as antisilencing proteins in this review,
are able to antagonize H-NS silencing functions. The pro-
posed mechanisms of antisilencing proteins mainly include
competing for DNA binding sites and heteromeric protein
interaction (54). Among the antisilencing proteins that
antagonize H-NS by competing for DNA binding sites,
only SsrB and Ler have well-characterized DNA binding
properties (38,61). H-NS silencing can also be relieved
by disrupting the oligomeric state of H-NS by heteromeric
protein interaction, as reported for gp5.5 from phage T7
and a family of naturally occurring truncated H-NS
derivatives (H-NST) (34,62,63). Here, we review these
well-characterized antisilencing proteins, and discuss how
H-NS filament formation influences their antisilencing ac-
tivity (see Fig. 5).
SsrB is a DNA-binding protein that regulates expression
of virulence genes when Salmonella is in the macrophage
vacuole. Normally, virulence genes are repressed by H-NS
until the appropriate signals dictate the start of pathogenesis.
Previous studies showed that SsrB was able to outcompete
H-NS under conditions that favored H-NS filament forma-
tion, i.e., once SsrB bound to DNA, H-NS was unable to
bind (61). In addition, SsrB was able to dissociate H-NS
from preformed H-NS filaments (our unpublished data).
This behavior can be understood based on the distinct
DNA-binding properties of SsrB compared to H-NS. SsrB
bends DNA (64) and can condense DNA via DNA juxtapo-
sition (61), resulting in highly curved DNA conformations.
Thus, we propose that one mechanism of antisilencing is viaFIGURE 5 Antisilencing mechanisms based on
H-NS filament formation. Shown at center is the
H-NS bound filament, which is transcriptionally
silent. Protein-dependent antisilencing can be
achieved by 1) progressive displacement of
terminal H-NS subunits, hence alleviating H-NS-
mediated gene silencing (left), or 2) disrupting H-
NS oligomerization through interaction with the
N-terminal region of H-NS, thereby affecting
its DNA-binding capability (right). The latter
mechanism has been shown for naturally occurring
truncated H-NS derivatives (H-NST), which lack
the DNA-binding domain.
Biophysical Perspective 1327production of bent and juxtaposed DNA conformations that
are energetically unfavorable for formation of a straight
rigid H-NS nucleoprotein filament (61). DNA bending by
SsrB can also promote slow, progressive disassembly of a
preformed H-NS filament, most likely via displacing H-
NS subunits from the ends. Therefore, the opposing DNA
binding modes between SsrB (bending) and H-NS (filament
formation) provide a molecular explanation of SsrB antisi-
lencing activity. This may be a general mechanism shared
by other antisilencing proteins and warrants additional
studies of other DNA binding antisilencing proteins.
Another example of antisilencing by displacing H-NS
from DNA comes from a recent study on Ler from enterohe-
morrhagic E. coli and enteropathogenic E. coli (38,65).
Although Ler is described as an H-NS-family protein
because of its sequence similarity to H-NS (primarily in
the C-terminal domain), Ler cannot complement H-NS
functions in an hns-deficient host. Therefore, this protein
is better described as an H-NS-antagonizing protein than
as an H-NS-family protein. The similarities in the C-termi-
nal DNA-binding domains of Ler and H-NS may explain
their overlapping binding sites at the locus-of-enterocyte-
effacement promoter regions, and it also implies that antisi-
lencing of H-NS-repressed genes by Ler likely occurs via
competition for DNA-binding sites (66,67).
In terms of DNA binding, Ler binds to DNA noncooper-
atively, in contrast to the cooperative binding of H-NS (38).
Thus, Ler, unlike H-NS, cannot form a continuous patch of
nucleoprotein filament on DNA. On the other hand, Ler can
robustly displace a preformed H-NS filament (38,65). How
do the differences in DNA binding between Ler and H-NS
explain the antisilencing function of Ler? A continuous
H-NS filament formed by cooperative binding is expected
to have a very low exchange rate between proteins inside
the filament and proteins in solution. This is because such
exchange requires breaking attractive interactions between
adjacent N-terminal dimerization sites, in addition to
forming protein-DNA interactions. Therefore, dissociation
should primarily occur at the ends of filaments. In the
case of Ler, because it binds noncooperatively, dissociation
of Ler can occur throughout the DNAwith similar probabil-
ity, i.e., not just at the ends. By outcompeting H-NS in bind-
ing to DNA, Ler provides RNAP with easier access to the
promoter region and is less of a barrier to translocation,
both of which result in alleviation of H-NS-mediated gene
silencing.
Some antisilencing proteins employ protein-protein inter-
actions that alleviate silencing by directly interacting with
the N-terminus of H-NS. Such interactions would be likely
to prevent formation of H-NS filaments, which require olig-
omerization. An example of this mechanism was demon-
strated by gp5.5 protein of phage T7, which tightly
associated with H-NS and antagonized H-NS-mediated
silencing of the proU operon and T7 promoters (62). The
antisilencing function of gp5.5 was via a direct interactionof gp5.5 with dimerization site 2 within H-NS, and it re-
sulted in the disruption of higher-order nucleoprotein com-
plexes (34). This DNA-independent mechanism of
antisilencing was also employed by H-NST, which acts as
an H-NS antagonist by forming heteromeric complexes
with H-NS (63). Thus, filament-mediated gene silencing
by H-NS is overcome in antisilencing, either by competition
in binding, direct protein-protein interaction, or bending
DNA to drive off H-NS.Conclusions
This article has focused on the physical basis underlying the
function of H-NS proteins, which play a major role in regu-
lating gene expression in bacteria. Such knowledge is made
possible by recent advances in single-molecule experiments
that unraveled the binding mode of H-NS and various H-NS
family proteins. From these studies, the nucleoprotein fila-
ment has emerged as the general feature among gene-
silencing proteins across several gram-negative bacterial
species. Increasing evidence suggests that this nucleoprotein
filament is crucial for H-NS-mediated gene silencing, and
the filament also serves as the basis for organizing DNA
into various conformations. Understanding the nucleopro-
tein filament also provides insights into mechanisms of anti-
silencing by various antisilencing proteins. In summary, the
filament-based model elegantly describes the dual roles of
H-NS in gene regulation and chromosomal DNA packaging.AUTHOR CONTRIBUTIONS
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